Bacteriophage TSP-i was isolated from soil in a search for phage which would form plaques on Bacillus subtilis W168 at 53 C. It forms clear plaques only at temperatures from 50 to 55 C. Approximately 95', of the free phage adsorb after 2 min at 53 C. The lytic cycle is between 55 and 60 min long with a burst size of about 55 particles per infected bacterium. The phage was shown to contain doublestranded deoxyribonucleic acid with a base composition of 44.7(% guanine plus cytosine. This deoxyribonucleic acid does not contain a base analogue for thymine and has a molecular weight estimated at 56 x 10f daltons.
temperature range with optimal growth occurring between 28 and 40 C (Bergey's Manual, 7th ed.) However, many strains are able to grow above 50 C to an upper limit of 55 C and this ability is transformable (13) . Phage TSP-I was isolated in our laboratory from a soil sample in a search for bacteriophage which would form plaques on B. subtilis strain W168 at the higher growth temperatures (50 to 55 C). We subsequently observed that TSP-i would not form plaques on B. subtilis W168 at 37 C. This paper describes some of the physical, chemical, and biological properties of this unusual bacteriophage.
MATERIALS AND METHODS
Bacterial strains and bacteriophage used. Bacterial strains and bacteriophage used are listed in Table 1 .
Growth conditions. All bacterial cultures were grown on Difco Brain Heart Infusion (BHI) broth medium incubated at 37 or 53 C in reciprocating shaker-water baths (7) . Plaque counts were done on BHI agar by using the soft agar overlay method (1). The basal layer contained 1.5F', agar, whereas the overlay contained 0.65',; agar.
Bacteriophage propagation and concentration. TSP-I was routinely propagated on B. subtilis W168 or W23 55+. Bacterial growth was monitored with a KlettSummerson colorimeter with a 640-to 700-nm (red) I This paiper wats tatkeni in part fmim a dissertation subimiitted by J. R. LaMontagne ill paitiail fulfilliment of the r-equir-emilents forthe Ph.D. degr-ee at TLtIane Un-iiver-sity, New Orleans, La. 70118. 2 Pr-esenit addr-ess: Departmiienit ot Microbiology, Sehool of Medicine, University (of PittshLilrg, Pittsbrilgil, Pa. 15213. filter. When the culture reached a colorimeter reading of 75 (ca. 5 X 107 bacteria per ml), TSP-1 was added at a multiplicity of infection (MOI) of about five phage particles per bacterium and incubated at 53 C until lysis was completed (ca. 90 min). The lysate was cooled to 5 C and polyethylene glycol (PEG; molecular weight of 6,000; Matheson, Coleman and Bell) was added to a final concentration of 13%, (w/v). After stirring for 30 min at 5 C, 5 M NaCl was added to the lysate-PEG mixture to a final concentration of 0.5 NI NaCI. After 5 min of additional incubation at 5 C, the diffuse precipitate which formed was collected by centrifugation at 10,000 X g for 20 min. The supernatant fluid was discarded and the precipitate was gently suspended to 5%' of the original volume in 10-2 M tris(hydroxymethyl)aminomethane (Tris)-10-3 M MgSO4 buffer, pH 7.4 (Tris-Mg buffer). The phage was then banded in 70% CsCl (w/v, solution density about 1.5 g/cc) by usinig a type SW50L rotor at 45,000 rev/min for 18 hr in a Beckman model L2-65B ultracentrifuge. The TSP-I band, which appeared in the lower third of the tube, was collected and dialyzed overnight against 1,000 ml of Tris-4Mg buffer. This procedure yielded phage suspensions of about 5 X 1012 plaque-forming units (PFU) per ml with more than 75%( recovery. These purified lysates were examined by electron microscopy and contained no phage morphologically different from TSP-1. Bacteriophage T2 was propagated on Eseherichia coli 1 5T, harvested, and purified in the same manner.
Bacteriophage nucleic acid extraction. TSP-1 nucleic acid was extracted as described by Freifelder (9) . The phage suspension (0.1 ml) was mixed with 0.5 ml of 10-2 M P04-10-3 M ethylenediaminetetraacetate, pH 7.8 (PO4-EDTA buffer), and 0.1 ml of neutralized 7.5 M NaCIO4. After 20 min at room tem-646 B. SUBTILIS BACTERIOPHAGE TSP-I. I Chemical analyses of the nucleic acid. The diphenylamine test for deoxyribose was performed by the method of Clark (3) . Melting point (Tm) determinations were done with a Hitachi-Perkin-Elmer spectrophotometer equipped with an insulated cuvette chamber attached to a Temptrol 151 temperature regulator (Precision Scientific Co.). The DNA was hydrolyzed with crude deoxyribonuclease (EC3.1.4.5., Worthington Biochemical Corp.) and phosphodiesterase I (EC3.1.4.1., Worthington Biochemical Corp.) (4). The resulting 5'-deoxyribonucleotides were separated by descending paper chromatography in an isopropanol-hydrochloride-water (170:41:29, v/v/v) solvent (20) . The nucleotides were located on the paper with an ultraviolet lamp (260 nm). Known 5'-deoxyribonucleotides were obtained from Calbiochem.
Electron microscopy. Phage particles were negatively stained with 2% phosphotungstic acid and 2',o serum (pH 7.0) on parlodion-covered grids and observed with a Phillips 300E electron microscope operating at 60 kv.
Radioactive labeling of phage DNA. TSP-1 was labeled with thymidine-methyl-3H (2 to 30 Ci/mmole) or 32P-orthophosphate (285 Ci/mg) obtained from the International Chemical and Nuclear Co. The desired radioactive compound was added 2 hr before addition to TSP-I to a culture of B. subtilis W23 55+ in BHI to a final concentration of 3 ,uCi/ml. The labeled phage were purified from the lysate as described above. T2 DNA was labeled by growing E. coli 15 T in BHI with 3 Ci of thymidine-methyl-3H/ml for 2 hr before addition of phage and harvesting of the lysate as described above.
Molecular-weight determinations of TSP-1 DNA. Molecular-weight measurements were done by the method of Burgi and Hershey (2), as used to de- termine the molecular weight of PBS-1 DNA (11) , with the modification that the length of the sedimentation run was increased from 3 to 3.5 or 4 hr. Four-drop fractions were collected directly into scintillation vials containing 1-inch (ca. 2.54 cm) squares of Whatman no. 1 filter paper. The fractions were then dried and counted using Spectrafluor (Amersham/Searle) -toluene in a 200B liquid scintillation counter (Beckman Instruments, Inc.).
Burst size determination. The average burst size of TSP-1-infected B. subtilis W168 was estimated by onestep growth and single-cell burst experiments as described by Adams (I). Samples for one-step growth experiments were diluted in BHI at room temperature, plated with 0.1 ml of B. subiilis W168 spores (-108 spores/ml), and incubated at 53 C for 18 to 24 hr. To determine the average burst size by the single-cell burst procedure, TSP-1 was added to B. subtilis W168 (MOI 0.6), diluted with BHI maintained at 53 C to a concentration of 1 bacterium per ml. The final dilution was made into 150 ml of BHI. From this dilution, 118 separate 1.0-ml samples were incubated at 53 C for 60 min. After this incubation, 2 (Fig. 2) . The one-step growth experiments indicate that the phage eclipse period lasts about 30 to 35 min. The rise period is about 15 min and phage replication appears to be complete 45 to 50 min after infection, with rapid cell lysis occurring shortly afterwards. The average burst size of TSP-1 was also determined by singlecell burst analysis. The results of this determination (Table 2) indicate an average burst size of about 55 particles per infected bacterium. This observed estimate is in close agreement with the calculated average burst size and falls slightly above the burst size estimated from the one-step growth experiments.
Temperature range of TSP-1. The temperature range necessary for plaque formation was determined by preparing equivalent sets of phage assay plates and incubating them at various (12, 14, 16, 18) . The presence of these bases can alter the relationship between the %GC derived by Tn, and buoyant density determinations (15, 18) . The results of an experiment, shown in Table 3 , in which TSP-1 DNA was hydrolyzed and the resulting nucleotides were identified by descending paper chromatography indicated that TSP-1 DNA does not contain any unusual bases in detectable amounts.
Estimate of the molecular weight of TSP-1 DNA. We estimated the molecular weight of (14) . Hydrolysates of TSP-1 DNA indicated that it did not contain an analogue for thymine. Several other B. subtilis bacteriophages also have been reported which do not contain thymine analogues (14) . The molecular weight of TSP-1 DNA was estimated at approximately 56 X 106 daltons, thereby comparing favorably with the reported molecular weights of other B. subtilis phages of similar size and morphology. The molecular weight of SP-8 DNA, for example, has been reported to be 69 X 106 daltons. Because TSP-1 is slightly smaller than SP-8, a smaller molecular weight DNA would be expected.
Certainly the most unusual property of TSP-1 is the restricted temperature at which it forms plaques. This requirement for temperatures above 50 C may be the reflection of the interaction of one or more of three distinct processes: (i) TSP-1 may be unable to adsorb and inject its DNA into cells grown below 50 C, (ii) a temperature-sensitive restriction mechanism may be present which prevents phage replication below 50 C but is inactive above 50 C, and (iii) TSP-1 may be a thermophilic bacteriophage unable to replicate below 50 C. These possibilities will be considered further in an accompanying paper.
